Abstract Hypersensitivity in the allergic setting refers to immune reactions, stimulated by soluble antigens that can be rapidly progressing and, in the case of anaphylaxis, are occasionally fatal. As the number of known exposures associated with anaphylaxis is limited, identification of novel causative agents is important in facilitating both education and other allergen-specific approaches that are crucial to long-term risk management. Within the last 10 years, several seemingly separate observations were recognized to be related, all of which resulted from the development of antibodies to a carbohydrate moiety on proteins where exposure differed from airborne allergens but which were nevertheless capable of producing anaphylactic and hypersensitivity reactions. Our recent work has identified these responses as being due to a novel IgE antibody directed against a mammalian oligosaccharide epitope, galactose-alpha-1,3-galactose (alpha-gal). This review will present the history and biology of alpha-gal and discuss our current approach to management of the mammalian meat allergy and delayed anaphylaxis.
Introduction
IgE antibodies to carbohydrate epitopes on allergens are thought to be less common than IgE antibodies to protein epitopes and also of much less clinical significance (see www.allergen.org) [1] [2] [3] . Thus, when anaphylactic reactions to the monoclonal antibody cetuximab were recognized as a major regional complication of this cancer treatment, the initial investigation focused on finding IgE antibodies (Ab) to a protein epitope [4] . It was a surprise when it became clear that these reactions were causally related to pre-existing IgE antibodies specific for the glycosylation on the Fab portion of this molecule [4] . This discovery, published in 2008, has led our research in several directions; most significant for this review is that the IgE Ab to alphagal also bind a wide range of non-primate mammalian products including beef, pork, and lamb. An understanding of the tissue distribution of alpha-gal led us to recognize and describe a delayed food allergy to mammalian meat, where patients have allergic reactions 2-6 h after the consumption of a culprit food.
(EGFR) and used for the treatment of metastatic colorectal cancer, it became clear that the antibody was causing hypersensitivity reactions. Interestingly, the reactions were occurring primarily in a group of southern US states. The reactions to cetuximab developed rapidly, and symptoms often peaked within 20 min following or during the first infusion of the antibody and occasionally proved fatal [4, 5] . Ultimately, it was demonstrated that the patients who had reactions to cetuximab also had IgE antibodies specific for this molecule before they started treatment [4] . The question remained as to what epitope the IgE antibody was recognizing on the cetuximab molecule.
Characterization of cetuximab glycosylation, as measured by peak area on TOF-MS spectra, revealed 21 distinct oligosaccharide structures, of which approximately 30 % have one or more alpha-1,3 linked galactosyl residues [6] . Analysis of the IgE antibodies to cetuximab demonstrated that these antibodies were specific for the oligosaccharide residues on the heavy chain of the Fab portion of the monoclonal antibody (mAb). From the known glycosylation of the molecule at amino acids 88 and 299, alpha-gal was identified as a possible relevant epitope [6] . Re-expression of cetuximab in a cell line unable to glycosylate with alpha-1,3-linked galactose residues failed to bind IgE, providing evidence that alpha-gal was in fact the target epitope [4] . Of the total alpha-gal in cetuximab, most of it is located in the Fab domain (Fab 990 nmol alphagal/μmol IgG versus Fc 140 nmol alpha-gal/μmol IgG) [6] . Recent mass spectrometry analysis indicated that glycosylation of cetuximab may be more complex than previously thought, containing both dianternary and trianternary structures [7] . Synthesis of alpha-gal requires the gene encoding alpha-1,3-galactosyltransferase. In humans and higher primates, this gene is not functional, so these species cannot produce alpha-gal-which in turn makes it possible for these animals to initially make IgG antibodies directed toward this oligosaccharide [8, 9] . Of considerable importance to the development of biologics, in particular mAbs, is the observation that murine cell lines such as NS0 and Sp2/0 can place galactose in an alpha-1,3 linkage such that alpha-gal is present on the synthesized molecules. In fact, Sp2/0 was the cell line used to produce cetuximab. In those individuals who have IgE to alpha-gal, reactions are likely to occur directed against this mAb [10] .
Connecting IgE to Alpha-gal to Red Meat
During a similar time period (2006-2008), we saw several patients in clinic who had presented with episodes of generalized urticaria, angioedema, or recurrent anaphylaxis. Although there was no obvious immediate cause for the symptoms, in several cases, the patients reported that they felt the reactions might be due to consumption of meat hours prior.
Prick tests to commercially available meat extracts produced wheals only 2-4 mm in diameter that often would be interpreted as negative. However, given the compelling history described by the patients, we extended our analysis to intradermal skin testing with commercial meat extracts or prick skin tests with fresh meat extracts both of which demonstrated strong positive results [11] . These results were confirmed with blood tests for specific IgE Ab to red meats [11] . Three observations then led us to investigate whether IgE antibodies to alpha-gal were present in the sera of adult patients reporting reactions to beef. Alpha-gal is known to be present on both tissues and meat from non-primate mammals [12] . The antibodies causing reactions to cetuximab were directed against alpha-gal, and the geographical distribution of the reactions to cetuximab overlapped the same geographical area where the red meat reactions were occurring. Not surprisingly, the patients' sera tested positive for IgE to beef, pork, lamb, milk, cat, and dog, but not to non-mammalian meat such as turkey, fish, or chicken [11, 13] . In studies with beef and pork food challenges, we have now documented that the appearance of clinical symptoms is delayed 3-5 h after eating a typical serving of mammalian meat [14] . Moreover, during the same set of challenges, circulating basophils assessed ex vivo upregulated the expression of CD63 in a similar time frame as the patients developed symptoms [14] .
Tick Bites and the Development of IgE Ab to Alpha-gal
Although an association between delayed reactions to mammalian meat and IgE Ab to alpha-gal was formalized in food challenges, this did not explain why adult patients who had fully tolerated beef for years suddenly experienced a break in tolerance and developed IgE Ab to alpha-gal. A relationship between mammalian meat allergy and tick bites had already been suggested in Australia [15] ; however, the role of alphagal was not known and the tick connection was not initially obvious in the USA. An insight came when examining the geographical distribution of cetuximab reactions and delayed reactions to red meat: these syndromes were being reported from the same region of the country-a group of southeastern states. However, it was not clear why these cases were geographically localized and the only Bdisease^that appeared comparable was the maximum incidence of Rocky Mountain spotted fever (RMSF). In keeping with this connection, we started to ask patients about tick bites and rapidly became aware that most of those with delayed anaphylaxis had experienced recent bites from adult or larval ticks. Examination of CDC maps of the distribution of the tick Amblyomma americanum (lone star tick) revealed an overlap with the region of both cetuximab sensitivity and red meat allergy. Additional indications that tick bites are involved in the development of specific IgE to alpha-gal include histories of bites that have itched for 2 or more weeks, a significant correlation between IgE Ab to alpha-gal and IgE to lone star tick, as well as the prospective data on the increase in IgE to alpha-gal following known lone star tick bites [16] . Allergy to red meat is now being reported in other countries, but the ticks giving rise to this response are not the same species as in the USA. In Europe, Ixodes ricinus has been implicated while in Australia, the relevant tick is Ixodes holocyclus [17] [18] [19] . In fact, there are now reports of delayed anaphylaxis to red meat in Australia [15, 20] , France [21, 22] , Germany [23, 24 ••], Sweden [25] , Spain [26•] , Japan [27] , Korea [28] , and Belgium [29] . Notably, in each of these countries, there is evidence that tick bites are the primary cause of the sensitization [19] and that the primary or sole sensitization is to alpha-gal.
Managing the Clinical Aspects of an Alpha-gal Allergy
The characteristics of red meat allergy are different from typical allergic reactions. Common complaints include both gastrointestinal symptoms and urticaria, but unlike most allergic reactions, patients do not develop any symptoms for at least 2 h after eating red meat. In point of fact, most reactions are delayed for 3-5 h-some even longer. Recent work from Dr. Biedermann's group has demonstrated two interesting points related to the timing of reactions in patients with IgE to alphagal [24••] . First, exercise (and/or other cofactors) can speed up the time to reaction such that a prolonged delay does not occur. Second, the tissue source of the meat-in this case pork kidney was used-can also alter the time to react by likely providing more or less antigen [24••] . Despite these variations in timing, symptoms can be severe or even life threatening. Many of the patients described nausea, diarrhea, or indigestion before a reaction; however, the most common symptom reported was itching (particularly palmar itching) [14] . The presence of symptoms before a severe reaction is common but not a requirement. Many patients do not have any symptoms and even among those who have had a reaction previously, the symptoms did not occur with every exposure to red meat. All of the patients had consumed red meat without complications for many years prior to the onset of the syndrome. While some individuals had a prior history of allergy, most of the cases had no previous allergic symptoms; thus, an atopic disposition does not appear to predispose patients to this kind of IgE response [30] .
Diagnostically, skin testing for IgE to alpha-gal using beef, pork, or lamb extracts in both adult and pediatric patients has been challenging. Many patients have only small reactions (2-4 mm) to these allergens by skin prick testing, and intradermal tests have been used in adults to clarify the intermediate results [11] . Overall, we are more likely to use the in vitro assays and typically re-assess IgE to alpha-gal levels every 8-12 months. Certainly one reason to monitor blood levels is that, based on our experience, if patients are able to avoid subsequent tick bites, the level of alpha-gal-specific IgE tends to decrease over time. In fact, some adult and pediatric patients with this form of allergy have been able to tolerate mammalian meat again after avoiding additional tick bites for 1-2 years (Commins and Platts-Mills unpublished data). Unfortunately, the resolution of IgE Ab to alpha-gal does not appear to occur in every patient despite fastidious tick avoidance (Hoyt and Commins, manuscript in prep). At this time, we typically do not restrict dairy consumption for patients who can tolerate this form of the antigen. Alternatively, if patients report lingering symptoms such as non-specific abdominal pain or report frank reactions after dairy (especially premium ice creams), then we recommend expanding the avoidance diet to include dairy. In many instances, a single slice of cheese or cow's milk in coffee can still be tolerated and individual dietary adjustments are suggested. An important note on an Bappropriate^avoidance diet is that foods a patient may tolerate can fluctuate over time: either through prolonged tick bite avoidance and a waning IgE response or through recent tick bites and a heightened sensitivity.
Additional Clinical Implications of IgE Ab to Alpha-gal

Children
The early reports of alpha-gal sensitivity were mostly from adults with very few reports of affected children. However, children often have urticaria, angioedema, or recurrent anaphylaxis for which the cause is unknown. We identified 51 children ages 4-17 with symptoms consistent with possible delayed allergic reactions to mammalian foods and measured IgE to alpha-gal in their sera. Serum IgE to alpha-gal was high in 45 of the subjects and there was a strong correlation with beef IgE as previously observed in the adults [13] . When questioned, these children gave a history of symptoms 3-6 h after ingestion of meat and many could recall recent tick bites. The geographic distribution of affected children matches that of adults, namely the southeastern USA. Of note, we have identified several children with red meat allergy in referral from pediatric GI where they initially presented with nonspecific abdominal pain, and laboratory evaluation showed a positive IgE Ab to alpha-gal. Removal of red meat and, in one case, dairy led to resolution of symptoms. Thus, there may be an affected population of patients with non-specific abdominal symptoms who are not currently being identified as allergic to non-primate mammalian meat.
Vaccines
Hypersensitivity reactions to vaccines related to gelatin content as well as mammalian antigens has been discussed [20] . Subsequent to the report by Dr. Mullins, several patients with documented reactions to vaccines, especially Zostavax, have been identified by our group as well as by other physicians (manuscript in preparation). Zostavax contains over 15 mg of hydrolyzed porcine gelatin and many other vaccines may contain ingredients from growth media that could affect patients with IgE to alpha-gal (for instance, Mueller Hinton agar, which is used as a growth medium, has 30 % beef infusion). Whether reactions to vaccines in patients with IgE to alpha-gal reflect a sensitivity to gelatin, specific ingredients of mammalian origin or other excipients with cross-reactivity remains to be elucidated.
Bio-prosthetics
A case report of three patients with IgE Ab to alpha-gal who had bovine or porcine valve replacement complicated by an allergic reaction in the immediate post-operative period was recently published [31] . While the number of patients with delayed reactions to mammalian meat who require heart valve replacement is likely a quite small number, this issue is one that allergists should be aware of in order to provide patients with appropriate guidance. In the case report, the patients who had experienced the most severe reactions to red meat had the more significant clinical reactions post-operatively. It will be interesting to follow these patients to assess whether having IgE Ab to alpha-gal leads to premature valve failure as a recent report has formally demonstrated that alpha-gal moieties remain on the valves at time of implantation [32••] .
Late Night Anaphylaxis
One of the more striking hallmarks that an undiagnosed patient's history of urticaria, angioedema, or anaphylaxis could be consistent with allergic reactions to red meat due to IgE to alpha-gal is the report of symptoms occurring after 6 p.m. In an analysis of >300 subjects with IgE to alpha-gal, of the 27 % of patients with hives who received acute or emergency care, over 60 % of them presented after 6 p.m. (21 % after midnight). Equally, of the 76 % of subjects who sought urgent care for anaphylaxis, nearly 75 % did so after 6 p.m. (Fig. 1a, blue  bars) . Unlike traditional protein-based food allergy that begins in childhood, the alpha-gal allergy is more prominent in adults (Fig. 1b) -a nuance that has implications for physicians who see adult patients but may not be used to considering a diagnosis of food allergy.
Conclusion
The finding that IgE to alpha-gal explains two novel forms of anaphylaxis has changed several established rules about allergic disease. Like so many new findings, this area of research provides both challenges and opportunities. We now have a model for understanding the ways in which ticks, parasites, and perhaps stinging insects induce IgE responses without creating a risk for inhalant allergic disease. Bites from the lone star tick can cause high titer IgE Ab to alpha-gal and also major increases in total IgE. Further, these responses often occur in adults over 60 years of age and who have no prior allergic history. The specific factors that govern the IgE response to alpha-gal are currently unknown. Future efforts are being directed at understanding the role of T and B cells in this response as well as the mechanisms of isotype switch. We are also focused on exploring the delay in symptoms and identifying the relevant form of the antigen in circulation. 
